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Summary
Objective: This study examined the effects of a growth factor, recombinant human osteogenic protein-1 (rhOP-1), on the formation of tissue-
engineered cartilaginous tissue by adult bovine articular chondrocytes using the alginate-recovered-chondrocyte (ARC) method.
Design: To ascertain if rhOP-1 enhances the formation of the cell-associated matrix (CM) and the characteristics of CM formation, bovine ar-
ticular chondrocytes were ﬁrst cultured for up to 14 days in alginate beads in medium supplemented with serum, with or without rhOP-1. Then,
the recovered chondrocytes and their associated CM were resuspended in medium, with or without OP-1, seeded onto culture inserts, and
incubated for an additional 14 days. The fabricated ARC tissues were subjected to biochemical and histological analyses.
Results: The addition of rhOP-1 to the medium in the alginate bead culture step resulted in an increased accumulation of both proteoglycan
(PG) and collagen, with a ratio of PG to collagen that was higher than that found in native adult cartilage. The addition of rhOP-1 in the second
step had a similar stimulatory effect during 14 days of culture. Histological examination of the tissue formed under all conditions revealed a car-
tilage-like matrix, stained strongly by toluidine blue. The thickness of the tissues obtained from culture conditions that included the addition of
rhOP-1 was four times greater than that of the tissues cultured without rhOP-1.
Conclusions: Using the ARC method, rhOP-1 enhanced the formation of matrix and generated a voluminous tissue-engineered cartilaginous
construct. These characteristics may be beneﬁcial in generating constructs that can cover large defects.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage is a specialized avascular tissue com-
posed of a small number of cells and an extensive extracel-
lular matrix. In synovial joints, cartilage provides a resilient,
load-bearing surface with low friction during movement.
Once damaged, articular cartilage has limited intrinsic ca-
pacity for repair1. In adult animals, the response to full-thick-
ness defects extending to the subchondral bone is the
formation of a ﬁbrocartilaginous repair tissue2 that has a bio-
chemical composition different from that of normal cartilage.
The repair tissue contains relatively low amounts of
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phenotype3, and relatively high amounts of type I collagen,
a protein not present in measurable amounts in normal
adult articular cartilage4. The abnormal composition of the
repair tissue results in poor biomechanical function5.
Due to the ineffective intrinsic repair of articular defects,
methods for promoting cartilage repair are under active
investigation6.
An in vitro engineered cell-laden cartilaginous tissue
may provide an alternative graft material that can easily
be inserted into a cartilage defect to facilitate structural re-
pair. Cartilaginous tissues have been synthesized using
a variety of cell types. Immature chondrocytes or chondro-
progenitor cells have often been used and are typically
mixed with or inﬁltrated into a degradable synthetic scaffold
material, such as polylactic acid and polyglycolic acid, or
natural materials derived from or analogous to collagen,
hyaluronan or ﬁbrin7. Alternatively, methods have been de-
veloped to form implants that are composed only of cells84
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has been described using immature chondrocytes in the
absence of a scaffold in high-density monolayer cul-
tures8,9. When cultured under the same conditions, chon-
drocytes from adult articular cartilage form only a small
amount of matrix8. Recently, a novel scaffold-free tech-
nique, termed the alginate-recovered-chondrocyte (ARC)
method, was introduced for the formation of cartilaginous
tissue in vitro from bovine adult articular chondrocytes10.
The ARC method consists of the culture of adult articular
chondrocytes in alginate for a period of time sufﬁcient to
generate a cell-associated matrix (CM). Then, the cells
with their CM are recovered and allowed to integrate into
a cartilaginous tissue, with cell and matrix phenotypic prop-
erties typical of articular cartilage10. For practical applica-
tions, acceleration of the formation of cartilaginous tissue
is desirable during in vitro culture. The inclusion of exoge-
nous growth factors may stimulate cell proliferation and
matrix deposition during the culture period11e13.
Bone morphogenetic proteins (BMPs), also termed
osteogenic proteins, are members of the transforming
growth factor b (TGF-b) superfamily of proteins14. BMPs
are growth and differentiation factors that induce
mesenchymal precursor cells to differentiate into bone
via endochondral ossiﬁcation. Osteogenic protein-1 (OP-1),
otherwise known as BMP-7, is an effective stimulator of
the synthesis of matrix components, such as proteogly-
cans (PGs)15 and collagen, by chondrocytic cells16. Histo-
logical analysis has suggested that OP-1 enhances the
formation of CM by adult chondrocytes17,18. However,
quantitative analysis is needed to clarify the extent of
such an effect. In addition, the effects of OP-1 on the
formation of cartilaginous tissue using the ARC method
remain to be established.
The objectives of the current study were to determine: (1)
the effects of OP-1 on the formation of CM in the alginate
culture system and the production of a cartilaginous tissue
when these cells and their CM are subsequently cultured
on a porous insert; and (2) if the PG and collagen compo-
nents that accumulate in the matrix of the cartilage
constructs are representative of those present in normal
articular cartilage.
Material and methods
All chemicals and reagents were of highest available an-
alytical grades from Sigma (St. Louis, MO) unless otherwise
stated.
CHONDROCYTE HARVEST AND CULTURE IN ALGINATE
Chondrocytes were harvested and cultured in alginate
beads, essentially as previously described19,20. Brieﬂy, ar-
ticular cartilage was dissected from metacarpophalangeal
joints of adult bovine animals (18e24 months old, four
hooves per experiment) and chondrocytes were isolated.
Freshly isolated cells were encapsulated in 1.2% low vis-
cosity alginate solution (Keltone LV, a gift from ISP alginate,
San Diego, CA) at 4 million cells/ml and the newly formed
beads (containing approximately 40,000 cells/bead) were
cultured in medium [50/50 Dulbecco’s Modiﬁed Eagle’s
Medium (DMEM)/F12 (Cellgro-Mediatech, Herndon, VA),
supplemented with 10% fetal bovine serum (FBS, Hyclone,
Logan, UT), 10 mg/ml gentamicin (Invitrogen Life Technolo-
gies, Carlsbad, CA), 360 mg/ml L-glutamine (Cellgro-
Mediatech) and 25 mg/ml ascorbic acid].EFFECTS OF OP-1 ON THE FORMATION OF CM
IN ALGINATE BEADS
The effect of OP-1 on the accumulation of PGs and colla-
gen in the CM in alginate culture was assessed using three
different preparations of chondrocytes. Samples, each con-
sisting of triplicate sets of nine beads, were placed in indi-
vidual wells of a 24-well plate (Corning Costar Corp.,
Cambridge, MA) and cultured in 0.4 ml of complete medium
alone or with OP-1 supplementation (100 ng/ml, a kind gift
from Stryker Biotech, Hopkinton, MA; a concentration se-
lected based on preliminary studies indicating this is the
minimum dose that consistently induces a signiﬁcant stimu-
lation). The cultures were maintained for up to 14 days at
37(C in a humidiﬁed atmosphere of 5% CO2, with daily
changes of medium. On days 3, 7, 10 and 14, the beads
were collected and the two matrix compartments (the CM
and the further removed matrix [FRM]) were separated.
Brieﬂy, alginate beads containing encapsulated articular
chondrocytes were dissolved by incubation in a chelating
solution [55 mM sodium citrate, 0.15 M sodium chloride,
pH 6.8]. The resulting suspension was centrifuged at
110 g for 10 min at 4(C to separate the cells with their
CM in the pellet, from the constituents of the FRM in
the supernatant19,21. The chondrocyte-CM samples were
analyzed biochemically as described below. Cell viability
in the CM fraction was quantiﬁed by manual counting on
ﬁve different ﬁelds, using a ﬂuorescent LIVE/DEAD cell
assay (Molecular Probes, Inc., Eugene, OR) in accordance
with the manufacturer’s suggested protocol.
The molecular constituents of the CM component were
analyzed by histochemistry and immunohistochemistry us-
ing the well-characterized monoclonal antibody (1/20/5-D-
4: MP Biomedicals, Irvine, CA) speciﬁc for a highly sulfated
keratan sulfate (KS) epitope on aggrecan19.
EFFECTS OF OP-1 ON THE FORMATION OF CARTILAGINOUS
TISSUE USING THE ARC METHOD
The effect of OP-1 on the formation of cartilaginous tissue
using the ARC method was examined. Chondrocytes were
isolated and alginate beads were formed as described
above. Seventy-ﬁve beads were incubated in triplicate in
12-well multiwell plates with 3 ml of complete medium with-
out (control group) or with OP-1 (OP-1 group, 100 ng/ml). Af-
ter 7 days of preculture in alginate beads, the medium was
removed, the beads were dissolved, and the cells with their
CM were obtained by mild centrifugation, as described
above (Fig. 1). The resulting pellet containing ‘‘alginate-
recovered cells’’ with their CM was then resuspended in
complete medium (1 ml/75 beads) supplemented without
(control group) or with OP-1 (OP-1 group, 100 ng/ml)
(Fig. 1). Transwell cell culture inserts (0.4 mm pore size,
polycarbonate membrane, 12 mm diameter, Corning Costar
Corp.) were placed into each well of a prewarmed 12-well tis-
sue culture plate (Corning Costar Corp.) that was ﬁlled with
1.5 ml of complete medium with or without OP-1. The sus-
pension (1.5 ml) of alginate-recovered cells and their asso-
ciated matrix (present from 75 beads) was seeded onto each
insert (Fig. 1). Alternatively, freshly isolated chondrocytes
(3 106 cells per insert, approximately the number of cells
in 75 beads of alginate culture) were seeded directly onto
an insert in the samemanner as the alginate-recovered cells.
After 14 additional days in culture (referred to as days 8e21
of culture), each insert was removed from the tissue culture
plate and placed into a petri dish. The polycarbonate mem-
brane was cut along its circumference using a scalpel, the
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ing the de novo tissue.
HISTOLOGICAL CHARACTERIZATION OF CARTILAGE TISSUE
FORMED IN VITRO
The ARC tissue samples were ﬁxed in 10% formalin with
10% cetylpyridinium chloride and embedded in parafﬁn.
Eight micrometer sections were cut vertically, the parafﬁn
removed, and tissue rehydrated using a sequential wash
of xylene followed by decreasing percentages of ethanol di-
luted in water. Sections were then stained with 0.1% tolui-
dine blue (Polysciences, Inc., Warrington, PA) at pH 7.0.
Stained sections were visualized using light microscopy.
BIOCHEMICAL CHARACTERIZATION OF THE CM AND
CARTILAGINOUS TISSUE FORMED IN VITRO
Both the chondrocyte-CM samples and the cartilaginous
ARC tissues were digested with papain22 overnight and ana-
lyzed biochemically. The DNA content was measured after
digestion of the beads with papain using the bisbenzimida-
zole ﬂuorescent dye method (Hoechst 33258: Polysciences,
Inc.)23. The content of sulfated PG and hydroxyproline in the
papain digest of each matrix compartment was deter-
mined using a modiﬁed dimethylmethylene blue (DMMB:
+ sodium
citrate
110 g
x 20 min
Cells + CM
Seeding of cells with
their CM
Integration and
tissue formation
Tissue culture insert
FRM
DMEM/F12 +10%FBS
 ± OP-1 (100 ng/ml)
14 days
Chondrocyte in Alginate Beads
Cultured in DMEM/F12 + 10%FBS
± OP-1 (100 ng/ml)  for seven days
Dissolve
Fig. 1. ARC method. Chondrocytes were cultured in alginate beads
with complete medium (DMEM/F12 containing 50 mg/ml gentamicin
and 360 mg/ml L-glutamine) containing 10% FBS in the presence or
absence of rhOP-1 (100 ng/ml) for 7 days and then the beads were
dissolved by adding sodium citrate buffer to recover the chondro-
cytes with their CM. The cells with their CM were seeded onto
the tissue culture insert and cultured for 14 days.Polysciences, Inc.) dye-bindingmethod22 and an isocratic re-
verse phase high-performance liquid chromatography (RP-
HPLC) after derivatization with phenylisothiocyanate (Pierce
Chemical, Rockford, IL)22, respectively. The collagen con-
tent in each samplewas then estimated bymultiplying the hy-
droxyproline content by 8.224. The relative ratio of PG to
collagen was also calculated. To characterize collagen types
synthesized and accumulated by the cartilaginous ARC
tissues, Sodium Dodecyl Sulfate Polyacrylamide Gel Elec-
trophoresis (SDS-PAGE) and ﬂuorography after radiolabel-
ing were performed at the end of culture as described
previously10.
STATISTICAL ANALYSES
All values are reported as the mean standard error of
the results of analysis. To assess the effects of the inclusion
of OP-1 and duration of culture (where appropriate) on bio-
chemical constituents, the combined data of the separate
experiments (three for alginate beads and ﬁve for ARC tis-
sue) were analyzed by analysis of variance (ANOVA) with
experiment as a random variable. When signiﬁcant differen-
ces were detected, hypothesis testing (unpaired T-test) was
performed to compare values at each day for the two culture
conditions.
Results
FORMATION OF THE CM IN ALGINATE BEADS
During the 14 days of alginate bead culture, the cell num-
ber and composition of the CM changed signiﬁcantly in both
OP-1-treated and untreated beads (Fig. 2). The DNA con-
tent of the control beads increased 2-fold, while that of
OP-1-treated beads increased 2.5-fold, which was signiﬁ-
cantly higher compared to the control beads (P< 0.01)
[Fig. 2(A)]. In OP-1 treated beads, the magnitude of increase
in PG content was signiﬁcantly higher than that of the colla-
gen content (PG: 212% of control; collagen: 121% of control
[Fig. 2(B) and (C)]). When the results were expressed per
DNA, essentially the same results were obtained for the
PG content [Fig. 2(E)]. However, the collagen content did
not increase when expressed per DNA [Fig. 2(F)]. After 7
days, the PG/collagen ratio was signiﬁcantly higher in the
OP-1 culture than in the control culture [Fig. 2(D)]. The 7-
day culture period was selected for further studies with the
goal to obtain enough matrix to produce ARC tissues with
a minimum culture period. A culture period longer than 7
days resulted in the proliferation of cells, some of which es-
caped from the alginate beads and adhered to the culture
dish as amonolayer. An apparent difference with OP-1 treat-
ment was the increased size of the pellet resulting after iso-
lation by a mild centrifugation. Cell viability, assessed using
the LIVE/DEAD cell assay, was not affected by the release
of the chondrocytes from the alginate beads with dissolving
buffer, or by inclusion of OP-1 in the culture medium (both
groups,>95% cell viability). Histological analysis with alcian
blue staining revealed that the structure of the CM around
the chondrocytes was preserved well after the release
from the alginate beads in both the OP-1 and control groups
and that the CM around chondrocytes cultured in the pres-
ence of OP-1 was more voluminous (data not shown).
GROSS APPEARANCE OF THE ARC TISSUE FORMED IN VITRO
After 7 days of culture in alginate beads, the cells with
their CM were released from the alginate and seeded
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Fig. 2. Changes in DNA content and matrix accumulation in the CM of chondrocytes in alginate bead culture over time. Bovine articular chon-
drocytes were cultured in alginate beads in complete medium with or without rhOP-1 suplementation (100 ng/ml) for up to 14 days. At each
time point (3, 7, 10 and 14 days), the DNA (A), PG (B) and collagen (C) contents of the CM were measured by the Hoechst dye assay, the
DMMB method and RP-HPLC, respectively, as described in the Material and methods section. The PG/collagen ratio was calculated (D). The
data of PG (E) and collagen (F) content were also expressed as mg DNA. The data points represent the mean standard error.onto a culture insert. Over an additional 14 days of culture,
the cells with their CM became progressively integrated into
a single mass of cartilaginous tissue, or ARC tissue, by day
14. The tissue formed from ARCs cultured in the presence
of 10% FBS alone was thin and fragile and could not be
removed from the culture insert without damaging it. The
tissue formed when cells were directly cultured on an insert,
without preculture in alginate, was also thin and fragile and
could not be removed from the insert even when cultured in
the presence of OP-1. On the other hand, chondrocytes that
were precultured in alginate and cultured on an insert in the
presence of 10% FBS plus OP-1 produced a thick tissue
that was white, opaque, and easy to handle and remove
from the insert.
HISTOLOGICAL CHARACTERIZATION OF THE IN VITRO
FORMED CARTILAGE CONSTRUCTS
The tissue formed by alginate-recovered cells cultured in
the presence of OP-1 [Fig. 3(B)] was thicker than tissue
formed by alginate-recovered cells cultured without OP-1
[Fig. 3(A)]. Histological examination of the thicker tissue re-
vealed that it contained a cartilage-like matrix that stainedstrongly with toluidine blue, indicating the presence of PG
molecules [Fig. 3(B)]. The tissue formed from alginate-
recovered cells in the absence of OP-1 had a looser, less
abundant matrix and a higher cell density [Fig. 3(A)]. The
chondrocytes within all tissues produced from alginate-re-
covered cells retained a spherical shape, except for a thin
layer of ﬂattened cells at both surfaces [Fig. 3(B)]. The tis-
sue appeared well integrated and the matrix had a homog-
enous appearance, with no distinctive demarcation (e.g.,
between the originally seeded CM regions). When cells
were directly cultured on the insert in the presence of OP-
1 for the same culture period, a thin tissue with little matrix
was formed, even in the presence of OP-1 [Fig. 3(C)].
BIOCHEMICAL CHARACTERIZATION OF THE IN VITRO
FORMED CARTILAGE CONSTRUCTS
On day 14 after transfer to the culture insert, alginate-
recovered cells cultured in the presence of OP-1 yielded
a tissue with a greater mass than that of alginate-recovered
cells cultured in the absence of OP-1. The dry weight of the
ARC constructs was signiﬁcantly higher in the OP-1 treated
cultures than that in the control culture (194% of control,
388 K. Masuda et al.: Osteogenic protein-1 and the ARC methodP< 0.001) [Fig. 4(A)]. The water content of the OP-1 treated
construct was signiﬁcantly higher than that of the control
construct (control, 92.4%; OP-1, 95.9%; P< 0.001
[Fig. 4(B)]). The PG [Fig. 4(C)] and collagen [Fig. 4(E)] con-
tents expressed as per construct were also signiﬁcantly
higher in the OP-1 treated cultures (PG: 334% of control,
P< 0.0001; collagen: 217% of control, P< 0.001). When
the results were expressed per dry weight, only PG contents
were signiﬁcantly higher in the OP-1 treated culture than in
the control culture (PG: 174% of control, P< 0.0001
[Fig. 4(D)]; collagen: 112% of control, n.s. [Fig. 4(F)]). The
ratio of PG to collagen was higher in the OP-1 treated con-
struct ([Fig. 4(G)], 172% of control, P< 0.01).
COLLAGEN TYPE ANALYSIS
To conﬁrm the preservation of the chondrocytic pheno-
type, the construct was radiolabeled with 3H-proline and
the typing of newly synthesized collagen in the tissue and
in the labeling media by SDS-PAGE ﬂuorography was per-
formed. Both fractions contained a similar prominent band
at 95 kDa, corresponding to a1 chains (data not shown)
as shown previously10.
B
500 µm
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C
Fig. 3. Histological appearance of ARC tissue after 14 days of cul-
ture. The chondrocytes were precultured for 7 days in alginate
beads and then transferred to a tissue culture insert as described
in the Material and methods section. Cultures were fed complete
medium (A) or complete medium supplemented with OP-1
(100 ng/ml) (B). The same culture medium was used during the al-
ginate bead and insert cultures. The tissue formed was histologically
assessed by staining with toluidine blue. The tissues formed with
complete medium alone (A) or with cells alone (no alginate pre-
culture) were seeded onto an insert (C), were processed while stil
on the membrane due to their thin, fragile state.Discussion
We have shown here the effects of including the growth
factor, OP-1, when using the ARC method to form a cartilag-
inous tissue. The results of these studies demonstrate that
OP-1 can signiﬁcantly enhance the capacity of adult chon-
drocytes to reform a cartilaginous tissue. The content of ma-
trix molecules accumulated by chondrocytes during alginate
bead culture was signiﬁcantly enhanced by the inclusion of
OP-1. Further, the OP-1-stimulated cells, recovered from al-
ginate culture with an abundant CM, produced a more vol-
uminous cartilaginous tissue compared to tissue produced
by cells not stimulated with OP-1. The thickness of the tis-
sue produced from the alginate-recovered cells cultured in
the presence of OP-1 was approximately four times that
of tissue cultured in the presence of 10% FBS alone.
While there is evidence that fetal articular chondrocytes
maintained in high-density monolayer cultures are capable
of reforming a cartilage-like tissue within a few weeks, their
adult counterparts are much less effective in doing so8,9. In
order to test the feasibility of stimulating the formation of
a cartilaginous tissue by a growth factor, primary adult bo-
vine chondrocytes were selected as the cell source in this
study because the biological behavior of these cells in algi-
nate was well characterized17,19 and the culture period after
seeding on the tissue insert was limited to 14 days. This
study, using ﬁve different cell preparations, clearly shows
the consistent capability of OP-1 to enhance the formation
of a cartilaginous tissue that is suitable for cartilage trans-
plantation over a short time period. The addition of OP-1
may also help overcome some of the differences in the bi-
ological response of chondrocytes among donors, in partic-
ular, differences related to age and the metabolic activity of
the donor chondrocytes. However, because the metabolic
activity of human chondrocytes is lower than that of chon-
drocytes of animal origin, it remains to be determined
whether human chondrocytes can form a similar transplant-
able cartilage that can be handled surgically. The study by
Nishida et al.18, which qualitatively demonstrated that OP-1
stimulates the formation of a CM by human chondrocytes,
suggests that a transplantable cartilaginous tissue is obtain-
able under certain culture conditions. Further studies of an
effective duration of culture and dosage of OP-1 both in al-
ginate beads and in the formation of the tissue on the semi-
permeable membrane using human chondrocytes with
a range of ages are required for the future application to
chondrocyte transplantation in human.
Because of its high cellular density and low collagen con-
tent, cartilaginous ARC tissue stimulated with OP-1 more
closely resembles a fetal or immature articular cartilage
than a mature articular cartilage25. At all culture durations
in alginate, with or without OP-1 in the medium, the ratio
of PG to collagen in the CM was higher [Fig. 2(D)] than
that found in normal bovine articular cartilage
(0.20e0.25)26. Similarly, in both OP-1 treated and control
groups, the ratio of PG to collagen [Fig. 4(G)] was much
higher in constructs than that found in normal bovine artic-
ular cartilage26. In addition, although the cells were from
mature animals, chondrocytes were dividing in the pres-
ence of OP-1. Because immature cartilage has a high
capacity for intrinsic repair when injured27, those shared
characteristics of cartilaginous ARC tissue in matrix compo-
sition and immature cartilage may promote the healing pro-
cess, such as integration into the host cartilage and
a proliferative response, after implantation. Furthermore,
Petit et al.24 have shown that the CM lacks a high concen-
tration of collagen crosslink during short-term culture, which
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answered by in vivo studies whether mature chondrocytes
can repair as effectively as fetal articular chondrocytes27.
Because cellular density, matrix composition and mechani-
cal properties of the cartilage constructs are dependent
on the duration of culture and culture conditions, further
in vitro and in vivo studies are necessary to test this
hypothesis.
In autograft procedure a small surgical sample is procured
from a non-weight bearing region of the joint28. The size of
such samples necessitates cell expansion prior to tissue
production. Since monolayer-expanded chondrocytes dedif-
ferentiate, as indicated by the increased production of type I
collagen3, the effect of OP-1 on dedifferentiated chondro-
cytes may be different. The present study does not address
the effect of OP-1 on the formation of cartilaginous tissue us-
ing monolayer-expanded chondrocytes. The addition of
growth factors, such as OP-1, may beneﬁt the redifferentia-
tion process and subsequent production of cartilaginous tis-
sue. The effects of OP-1 on the redifferentiation process and
matrix formation of monolayer-expanded cells should be elu-
cidated in detail to optimize the production of cartilaginous tis-
sue for autograft application.The focus of this study was on the biochemical and histo-
logical properties of the cartilaginous tissues formed
de novo. To obtain assurance of clinical applicability, a more
detailed assessment of the biomechanical properties of the
ARC constructs is necessary. In addition, to further decrease
the overall culture time and to increase the quality of the
in vitro engineered tissue, other mechanisms that promote
matrix formation during both steps of the ARC method,
such as stimulation by other growth factors or a combination
of growth factors, as well as different physical stimuli29e31
may be useful.
Many growth factors, such as insulin-like growth factor-I
(IGF-I), TGF-b, ﬁbroblast growth factor (FGF), platelet-
derived-growth factor (PDGF), and BMPs have been shown
to enhance matrix formation and production and cell prolifer-
ation32. Certain combinations of growth factors, not limited to
OP-1, during in vitro tissue formation may enhance the for-
mation of a transplantable cartilage that is functionally ma-
ture and able to integrate with surrounding tissues in vivo.
Finally, for the clinical application of tissue-engineered carti-
lage, the reproducibility of production of human cartilaginous
tissue and the feasibility of minimizing the length of the
culture period by using growth factors need to be addressed.
390 K. Masuda et al.: Osteogenic protein-1 and the ARC methodAcknowledgments
This study was supported by grants from NIH (2-P50-AR-
39329, AG-04736, AR-44058, AR-46555, PO1-AG07996),
NASA, NSF, and the Rush Arthritis and Orthopedics Insti-
tute. The authors would like to thank Mr. Deepak Pankaj
and Ms. Elizabeth Horvath for their technical assistance
as well as Ms. Mary Ellen Lenz and Ms. Lori Otten for their
assistance in the preparation of the manuscript.
References
1. Mankin HJ. The response of articular cartilage to
mechanical injury. J Bone Joint Surg Am 1982;64:
460e6.
2. Hjertquist SO, Lemperg R. Histological, autoradiographic
and microchemical studies of spontaneously healing
osteochondral articular defects in adult rabbits. Calcif
Tissue Res 1971;8:54e72.
3. Benya PD, Shaffer JD. Dedifferentiated chondrocytes
reexpress the differentiated collagen phenotype
when cultured in agarose gels. Cell 1982;30:215e24.
4. Eyre DR, Wu JJ, Woods K. Cartilage-speciﬁc collagens:
structural studies. In: Kuettner KE, Schleyerbach R,
Peyron JG, Hascall VC, Eds. Articular Cartilage and
Osteoarthritis. New York: Raven Press 1992;119e31.
5. Chu CR, Dounchis JS, Yoshioka M, Sah RL, Coutts RD,
Amiel D. Osteochondral repair using perichondrial
cells. A 1-year study in rabbits. Clin Orthop 1997;
220e9.
6. Sah RL, Chen AC, Chen SS, DiMicco MA, Kurtis MS,
Lottman LM, et al. Articular cartilage repair, regenera-
tion, replacement. In: Koopman W, Moreland L, Eds.
Arthritis and Allied Conditions. A Textbook of Rheuma-
tology. Philadelphia: Lippincott Williams & Wilkins
2004;2264e78.
7. Frenkel SR, Di Cesare PE. Scaffolds for articular carti-
lage repair. Ann Biomed Eng 2004;32:26e34.
8. Adkisson HD, Gillis MP, Davis EC, Maloney W,
Hruska KA. In vitro generation of scaffold independent
neocartilage. Clin Orthop 2001;S280e94.
9. Yu H, Grynpas M, Kandel RA. Composition of cartilag-
enous tissue with mineralized and non-mineralized
zones formed in vitro. Biomaterials 1997;18:1425e31.
10. Masuda K, Sah RL, Hejna MJ, Thonar EJ. A novel two-
step method for the formation of tissue-engineered
cartilage by mature bovine chondrocytes: the algi-
nate-recovered-chondrocyte (ARC) method. J Orthop
Res 2003;21:139e48.
11. van Susante JL, Buma P, van Beuningen HM, van
den Berg WB, Veth RP. Responsiveness of bovine
chondrocytes to growth factors in medium with differ-
ent serum concentrations. J Orthop Res 2000;18:
68e77.
12. van Osch GJ, van der Veen SW, Verwoerd-
Verhoef HL. In vitro redifferentiation of culture-
expanded rabbit and human auricular chondrocytes
for cartilage reconstruction. Plast Reconstr Surg
2001;107:433e40.
13. Jakob M, Demarteau O, Schafer D, Hintermann B,
Dick W, Heberer M, et al. Speciﬁc growth factors dur-
ing the expansion and redifferentiation of adult human
articular chondrocytes enhance chondrogenesis and
cartilaginous tissue formation in vitro. J Cell Biochem
2001;81:368e77.14. van den Berg WB, van der Kraan PM, Scharstuhl A,
van Beuningen HM. Growth factors and cartilage re-
pair. Clin Orthop 2001;S244e50.
15. Huch K, Wilbrink B, Flechtenmacher J, Koepp HE,
Aydelotte MB, Sampath TK, et al. Effects of
recombinant human osteogenic protein 1 on the
production of proteoglycan, prostaglandin e2, and
interleukin-1 receptor antagonist by human articular
chondrocytes cultured in the presence of interleukin-
1beta. Arthritis Rheum 1997;40:2157e61.
16. Flechtenmacher J, Huch K, Thonar EJ,
Mollenhauer JA, Davies SR, Schmid TM, et al. Re-
combinant human osteogenic protein 1 is a potent
stimulator of the synthesis of cartilage proteoglycans
and collagens by human articular chondrocytes. Arthri-
tis Rheum 1996;39:1896e904.
17. Nishida Y, Knudson CB, Kuettner KE, Knudson W.
Osteogenic protein-1 promotes the synthesis and
retention of extracellular matrix within bovine articular
cartilage and chondrocyte cultures. Osteoarthritis Car-
tilage 2000;8:127e36.
18. Nishida Y, Knudson CB, Eger W, Kuettner KE,
Knudson W. Osteogenic protein 1 stimulates cells-
associated matrix assembly by normal human articular
chondrocytes: up-regulation of hyaluronan synthase,
cd44, and aggrecan. Arthritis Rheum 2000;43:206e14.
19. Mok SS, Masuda K, Hauselmann HJ, Aydelotte MB,
Thonar EJ. Aggrecan synthesized by mature bovine
chondrocytes suspended in alginate. Identiﬁcation of
two distinct metabolic matrix pools. J Biol Chem
1994;269:33021e7.
20. Hauselmann HJ, Fernandes RJ, Mok SS, Schmid TM,
Block JA, Aydelotte MB, et al. Phenotypic stability of
bovine articular chondrocytes after long-term culture
in alginate beads. J Cell Sci 1994;107:17e27.
21. Hauselmann HJ, Aydelotte MB, Schumacher BL,
Kuettner KE, Gitelis SH, Thonar EJ. Synthesis and
turnover of proteoglycans by human and bovine adult
articular chondrocytes cultured in alginate beads.
Matrix 1992;12:116e29.
22. Chiba K, Andersson GB, Masuda K, Thonar EJ. Metab-
olism of the extracellular matrix formed by interverte-
bral disc cells cultured in alginate. Spine 1997;22:
2885e93.
23. Kim YJ, Sah RL, Doong JY, Grodzinsky AJ. Fluoromet-
ric assay of DNA in cartilage explants using Hoechst
33258. Anal Biochem 1988;174:168e76.
24. Petit B, Masuda K, D’Souza AL, Otten L, Pietryla D,
Hartmann DJ, et al. Characterization of crosslinked
collagens synthesized by mature articular chondro-
cytes cultured in alginate beads: comparison of two
distinct matrix compartments. Exp Cell Res 1996;
225:151e61.
25. Williamson AK, Chen AC, Sah RL. Compressive prop-
erties and functionecomposition relationships of de-
veloping bovine articular cartilage. J Orthop Res
2001;19:1113e21.
26. Williamson AK, Masuda K, Chen AC, Thonar EJ,
Sah RL. Tensile mechanical properties of bovine artic-
ular cartilage: variations with growth and relationships
to collagen network components. J Orthop Res 2003;
21:872e80.
27. Namba RS, Meuli M, Sullivan KM, Le AX, Adzick NS.
Spontaneous repair of superﬁcial defects in articular
cartilage in a fetal lamb model. J Bone Joint Surg
Am 1998;80:4e10.
391Osteoarthritis and Cartilage Vol. 14, No. 428. Brittberg M, Lindahl A, Nilsson A, Ohlsson C,
Isaksson O, Peterson L. Treatment of deep cartilage
defects in the knee with autologous chondrocyte trans-
plantation. N Engl J Med 1994;331:889e95.
29. Davisson T, Kunig S, Chen A, Sah R, Ratcliffe A. Static
and dynamic compression modulate matrix metabo-
lism in tissue engineered cartilage. J Orthop Res
2002;20:842e8.30. Freed LE, Langer R, Martin I, Pellis NR, Vunjak-
Novakovic G. Tissue engineering of cartilage in space.
Proc Natl Acad Sci U S A 1997;94:13885e90.
31. Freed LE, Vunjak-Novakovic G. Microgravity tissue
engineering. In Vitro Cell Dev Biol Anim 1997;33:
381e5.
32. Buckwalter JA. Articular cartilage injuries. Clin Orthop
Relat Res 2002;21e37.
